Severe acute respiratory syndrome (SARS) is a life-threatening disease caused by a newly identified coronavirus (CoV), SARS-CoV. The spike (S) glycoprotein of CoV is the major structural protein responsible for induction of host immune response and virus neutralization by antibodies. Hence, knowledge of neutralization determinants on the S protein is helpful for designing protective vaccines. To analyze the antigenic structure of the SARS-CoV S2 domain, the carboxyl-terminal half of the S protein, we first used sera from convalescent SARS patients to test the antigenicity of 12 overlapping fragments spanning the entire S2 and identified two antigenic determinants (Leu 803 to Ala 828 and Pro 1061 to Ser 1093). To determine whether neutralizing antibodies can be elicited by these two determinants, we immunized animals and found that both of them could induce the S2-specific antisera. In some animals, however, only one determinant (Leu 803 to Ala 828) was able to induce the antisera with the binding ability to the native S protein and the neutralizing activity to the SARS-CoV pseudovirus. This determinant is highly conserved across different SARS-CoV isolates. Identification of a conserved antigenic determinant on the S2 domain of the SARS-CoV S protein, which has the potential for inducing neutralizing antibodies, has implications in the development of effective vaccines against SARS-CoV.
Severe acute respiratory syndrome (SARS) is a life-threatening form of atypical pneumonia (27, 43) that was first reported in Guangdong Province of China in November 2002 (19) . According to the records of the World Health Organization, this epidemic had resulted globally in 8,439 cases, of which 812 were fatal, by 3 July 2003. Although the first outbreak of SARS is over, the inadequate research laboratory safety procedures, such as those that caused the recent two SARS cases in Singapore and Taiwan (11, 26) , make a new outbreak possible. So far, no available vaccine against SARS has been developed. Hence, there is an urgent need for effective vaccines for the prevention and control of this disease.
There is now clear evidence that SARS is caused by a newly identified coronavirus (CoV), SARS-CoV, which belongs to the Coronaviridae family of enveloped, positive-stranded RNA viruses (10, 17, 19, 24, 33, 43) . CoVs cause many diseases of the respiratory, hepatic, gastrointestinal, and neurological systems in mammalian and avian species, exhibiting a broad host range (4, 35) . The genome of SARS-CoV is 29,727 nucleotides in length and has 11 open reading frames, including the open reading frames that encode four typical structural proteins of CoVs: the spike (S) glycoprotein, the small membrane (M) protein, the envelope (E) protein, and the nucleocapsid (N) protein (8, 33, 34) . The S glycoprotein is an important determinant of CoV virulence and tissue tropism and is crucial for viral attachment and entry into host cells (4, 28, 34) . In many CoVs, proteolytic cleavage of the S glycoprotein yields the amino-terminal S1 and the carboxyl-terminal S2 subunits (3, 23, 25, 36, 38) . The S1 subunit binds to host cell receptors, while the S2 subunit is responsible for membrane fusion (1, 12, 13, 39) . Amino acid sequence analysis has shown that the S2 subunit is more conserved than the S1 subunit among the CoVs (33) . Although there is no clear evidence so far that the S protein of SARS-CoV is cleaved into two subunits, the S1 and S2 domains of the SARS-CoV S protein can be identified through their homology with the S1 and S2 subunits of other CoVs (21, 37) , such as murine hepatitis virus (MHV) and bovine CoV, which belong to the group 2 CoVs (8, 31) .
The S protein of CoV is known to be the primary protein responsible for inducing host immune response and virus neutralization by antibodies (5, 16, 36) ; hence, knowledge of its antigenic structure, especially the location of conserved neutralization epitopes, is helpful for designing vaccines (30) . Epitope-based vaccines can avoid any possibility of reversion to virulence and may be able to avoid the vaccine-induced enhancement of disease (8) . Much attention has been focused on identifying neutralization epitopes on the S glycoprotein, including conformational and linear epitopes (7, 18, 25, 40, 42, 44, 45) . In previous studies of MHV (7) , bovine CoV (44) , and avian infectious bronchitis CoV (IBV) (20) , a linear immunodominant region was identified near the amino terminus of the S2 subunit by the method of expressing fragments in a prokaryotic system and analyzing their antigenicity with monoclonal antibodies (MAbs) or polyclonal antisera. One epitope contained in that immunodominant region of MHV can be recognized by several neutralizing MAbs (7, 22, 41, 42) and is able to induce an in vivo protective immune response in immunized animals (6, 15, 16, 47) .
In this study, we used sera from convalescent SARS patients to identify two linear antigenic determinants (Leu 803 to Ala 828 and Pro 1061 to Ser 1093) through antigenicity analysis of 12 overlapping fragments covering the S2 domain. In addition, we immunized animals with the protein containing these two determinants and found that the determinant (Leu 803 to Ala 828) was capable of inducing neutralizing antibodies in some animals. These findings will have implications for developing an effective SARS-CoV vaccine. cloned into the pCDNA3.1(ϩ) vector (Invitrogen). The resulting "humanized" S sequence was identical with that of strain BJ01 at the amino acid level. To promote the expression of the S glycoprotein on the cell membrane surface, a tissue plasminogen activator signal sequence was introduced to replace the original 13-residue signal peptide of the S protein at the 5Ј-terminal end (24) and the synthetic 42-residue cytoplasmic tail of Sendai virus (14) was appended to the S transmembrane domain (24) at the 3Ј-terminal end by overlapping PCR. The SARS-CoV S protein pseudotyped virus with luciferase as a reporter was produced by a similar method described previously (9; Y. Nie et al., submitted for publication). Briefly, pHIV-luc (a plasmid containing the human immunodeficiency virus [HIV] genome in which a partial envelope gene was replaced by the luciferase reporter gene; a kind gift from Dan Littman, New York University Medical Center, New York) (12 g) and the-S expressing plasmid (6 g) were cotransfected into 2 ϫ 10 6 293T cells. Supernatants were harvested 48 h later, and the purified pseudoparticles were pelleted by ultracentrifugation through a 20% sucrose cushion at 50,000 ϫg for 90 min. The pseudotype virus was normalized by a p24 ELISA kit (Biomerieux bv, Boxtel, The Netherlands).
Neutralization assays. The SARS-CoV pseudoviruses were used in our neutralization assay to detect the neutralizing activity of various samples as described previously (Y. Nie et al., submitted). Briefly, the human hepatoma cell line Huh-7 (a gift from Stanley M. Lemon, University of Texas Medical Branch, Galveston) was used as the target cell and preseeded in a 96-well plate at a density of 8 ϫ 10 3 cells/well. The next day, 50 ml of Dulbecco's modified Eagle's medium containing the equivalent of 0.5 ng (p24) of pseudotype virus was incubated with 50 l of serial dilutions of sera for 30 min at 37°C. After incubation for 48 h at 37°C, the cells were washed with PBS and lysed with 40 l of cell lysis buffer (Promega, Madison, Wis.)/well. The lysate was measured for luciferase activity in a luminometer (Wallac Multilabel 1450 counter; Perkin-Elmer, Singapore). The infectivity of the pseudotype virus was calculated as a percentage in the average amount of luciferase activity from the test culture relative to that of untreated controls (29, 32) , and it could reflect the neutralizing activity of serum samples.
Establishment of the S-expressing SP2/0 cell line. The "humanized" fulllength S cDNA in pCDNA3.1(ϩ) vector was digested with BamHI and EcoRI and cloned into the retroviral vector pBABE-puro. The positive-testing construct (pBabe/S) was cotransfected with pVSV/G into 293T cells by using phosphate calcium to package the retrovirus containing the S gene. After 48 h of transfection, the supernatant was collected and used to infect SP2/0 cells. After incubation for 12 h, the supernatant was replaced with Dulbecco's modified Eagle's medium (10% fetal calf serum). After 32 h, the cells were selected with puromycin at a concentration of 5 g/ml for 1 week.
Flow cytometric analysis. The S-expressing SP2/0 cells (SP2/0-S) and the untransduced normal SP2/0 cells were collected and washed with PBS (0.1% BSA). These two groups of cells were then incubated for 1 h with the serum samples. After three washes with PBS (0.1% BSA), the cells were incubated with the fluorescein isothiocyanate-conjugated goat antihuman or antirabbit IgG (Santa Cruz) (1:100) or antimouse IgG (Sigma) (1:100) for 30 min. Finally, the cells were analyzed by a flow cytometer (MoFlo high-performance cell sorter; Dako Cytomation).
RESULTS

Identification of antigenic determinants on the S2 domain of the SARS-CoV S glycoprotein.
According to our unpublished data, few SARS patients' sera could react with the S1 domain expressed by E. coli, which suggested that most antigenic determinants on the S1 domain are conformation dependent. To identify linear antigenic determinants on the S2 domain of the S protein, we first tested the reactivity of 64 sera from convalescent SARS patients to the prokaryote-expressed S2 domain (Asn 733 to Gln 1190 of S protein) with ELISA and found that there were 15 sera exhibiting high-level reactivity (data not shown). Then we designed 11 partially overlapping fragments (F1 to F11) at a length of 48 to 65 amino acid (aa) covering the S2 (Fig. 1A) . After expressing these fragments as Trx fusion types in pET32a(ϩ) vector, we purified them by Ni-NTA chromatography and performed SDS-PAGE to check their size and purity ( Fig. 1B ). Next, we carried out ELISA for antigenicity analysis using the 15 sera that reacted to the S2 VOL. 78, 2004 ANTIGENIC DETERMINANT ON THE SARS-CoV SPIKE PROTEIN domain, with two healthy human sera as controls. The results of the ELISA are shown in Fig. 2 . As can be seen, only three fragments, F2 (Ala 765 to Gly 814), F3 (Arg 797 to Pro 844), and F9 (Leu 1045 to Asp 1109), could be recognized by the patients' sera, demonstrating that they contained the main linear antibody binding sites of the SARS-CoV S2 domain. Since F2 and F3 share a common 18-aa sequence (Fig. 1A) , we did the following experiments to test whether the antigenicity of F2 was due to the overlapping part with F3 or to a unique antigenic determinant on F2 itself. We generated the 12th fragment (F12) covering F1 and a part of F2 (Asn 733 to Asp 802; Fig. 1A ) and tested the reactivity of the sera described above. None of the sera reacted to F12 (Fig. 2) , indicating that no unique antigenic determinant was contained in F2 and that its antigenicity was due to the overlapping part with F3. Therefore, F3 and F9 contained two different linear antigenic determinants, Leu 803 to Ala 828 (described as determinant I) and Pro 1061 to Ser 1093 (described as determinant II), on the S2 domain of the SARS-CoV S glycoprotein. Moreover, in comparison to the results seen with F9, the reactivity of patients' sera to F3 was more frequent and stronger. As Fig. 2 shows, 13 of 15 patients' sera reacted strongly to F3, suggesting that determinant I (Leu 803 to Ala 828 of S) is the major antigenic determinant of the S2 domain.
Immunogenicity of the two antigenic determinants. To analyze the immunogenicity of these two antigenic determinants, we immunized mice and rabbits with prokaryote-expressed Trx-F3 or Trx-F9 proteins. To eliminate the elicited antibodies against the Trx part, we expressed and purified GST-F3 and GST-F9 and then used them to test the reactivity of the antisera collected from the immunized animals in ELISA. According to the results, both Trx-F3 and Trx-F9 proteins could elicit the antibodies specific to F3 or F9 fragment (data not shown).
Further, we used the GST-S2, GST-F3/F9, and GST proteins in Western blot analysis to test the reactivity of the antisera to them. As shown in Fig. 3 , the antisera induced by Trx-F3 could recognize GST-F3 and the antisera induced by Trx-F9 could recognize GST-F9 whereas none of them could react with the control GST protein. Besides, the antisera induced by either Trx-F3 or Trx-F9 could recognize the GST-S2 protein ( Fig. 3) and none of the preimmune sera reacted with any protein we tested in Western blot analysis (data not shown). All of these results suggested that both fragment F3 and fragment F9 were immunogenic and could elicit the antibodies specific to the S2 domain.
The ability of the antisera to bind with the cell surfaceexpressed S glycoprotein. To confirm the correct expression of the S protein on the surface of the SP2/0-S cells, which were transfected with S cDNA-contained retrovirus and selected with drugs, we first submitted the SP2/0-S cell lysates to Western blot analysis using the anti-S protein rabbit sera (antisera from the rabbits immunized with the S 14-670 , N-terminal domain of the S protein) for detection. Two major protein bands reacted with the anti-S sera: the 180-kDa mature S glycoprotein and the 130-kDa nonglycosylated precursors of the S protein (our unpublished data). We further stained the SP2/0-S cells and the untransfected normal SP2/0 cells with healthy human sera and sera of SARS patients and submitted the cells to flow cytometric analysis. As shown in Fig. 4A , the SP2/0-S cells could be specifically recognized only by the serum of the patients, suggesting that the S glycoprotein on the cell surface has a conformation similar to that of the native S protein on SARS-CoV.
To study whether the polyclonal antisera from the immunized animals were able to recognize the above-described S protein expressed by mammalian cells, we stained both the SP2/0-S cells and control SP2/0 cells with these antisera and the corresponding preimmune sera and performed flow cytometric analysis. The results showed that the antisera from some animals immunized with Trx-F3 (rabbit 1 and mouse 4) could specifically bind to the SP2/0-S compared with the results seen with SP2/0 ( Fig. 4B) and that all the antisera from animals immunized with Trx-F9 bound poorly to SP2/0-S (Fig. 4C ). As we expected, no preimmune serum could bind to the SP2/0-S or SP2/0 cells (data not shown). The above-described results indicate that the antisera from some animals immunized with Trx-F3 could specifically recognize the native S glycoprotein expressed on the surface of SP2/0-S cells.
Neutralizing activity of the polyclonal antisera. To study the specificity of our neutralization assay, we first preincubated the SARS-CoV S protein pseudotyped particles (HIV/SARS) with the sera from convalescent SARS patients or the healthy human sera before incubating them with Huh-7 cells for infection. Huh-7 cells have been found to express a high level of the SARS-CoV receptor ACE2 and could be effectively infected by HIV/SARS (46) . We have also demonstrated that Huh-7 cells could be infected by the pseudotype particles bearing the vesicular stomatitis virus G glycoprotein (HIV/VSV-G) (our unpublished data). As shown in Fig. 5A , the sera of convalescent SARS patients had an obvious neutralizing activity on HIV/ SARS but failed to neutralize HIV/VSV-G, whereas the healthy human sera could not neutralize either of these two pseudoviruses. This suggested that our neutralization assay could be used to detect SARS-CoV-specific neutralizing antibodies.
To determine whether immunization with Trx-F3 and Trx-F9 could induce neutralizing antibodies against SARS-CoV, we analyzed the neutralizing activities of the animal antisera with the neutralization assay. We observed that none of the antisera from the animals immunized with Trx-F9 could inhibit the HIV/SARS infection and that the antisera from two animals immunized with Trx-F3 (rabbit 1 and mouse 4) showed neutralizing activity and could inhibit about 50% of the HIV/ SARS pseudotype virus infectivity at the 1:50 dilution (Fig.  5B) .
To further prove that the neutralizing activity of these two antisera was specific to the SARS-CoV S protein, we used the HIV/VSV-G pseudovirus instead of HIV/SARS in the same neutralization assay and found that these antisera could not neutralize the HIV/VSV-G, having no obvious differences with the control preimmunized sera (Fig. 5C ). The fact that only these two antisera were able to bind to the mammalian cellexpressed S protein (Fig. 4B ) also supported the idea of their neutralizing activity. It was therefore concluded that Trx-F3 protein, which contains determinant I between Leu 803 and Ala 828 of the S protein, could induce neutralizing antibodies against SARS-CoV at least in some animals.
DISCUSSION
We have localized two linear antigenic determinants (determinants I [Leu 803 to Ala 828] and II [Pro 1061 to Ser 1093]) on the S2 domain of the SARS-CoV S glycoprotein (Fig. 2) . The proteins containing either determinant I or II can elicit S2-specific antibodies from immunized animals (Fig. 3) . However, only immunization with the protein containing determinant I, the major antigenic determinant on the S2 domain, was able to induce polyclonal antisera that could recognize the FIG. 3 . Western blot analysis of polyclonal antisera from animals immunized with the Trx-fusion proteins. R31 and M31 represent the antisera of rabbit 1 and mouse 1 immunized by Trx-F3; R91 and M91 represent the antisera of rabbit 1 and mouse 1 immunized by Trx-F9. 28kD, 33kD, 35kD, and 81kD represent the molecular masses of GST (lanes 1, 4, 7, and 10) , GST-F3 (lanes 2 and 8) , GST-F9 (lanes 5 and 11), and GST-S2 (lanes 3, 6, 9, and 12) protein, respectively. Molecular mass standards are shown on the left. The antisera from other immunized animals showed results similar to those obtained with antisera R31 and M31 or antisera R91 and M91.
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ANTIGENIC DETERMINANT ON THE SARS-CoV SPIKE PROTEIN 6941 native S glycoprotein and showed in vitro neutralizing activity in some animals ( Fig. 4 and 5) . The identified major antigenic determinant (Leu 803 to Ala 828) in this study is located on the S2 domain (Asn 733 to Gln 1190) of the SARS-CoV S protein (Fig. 1A) . By comparing the S sequences of 45 SARS-CoV isolates which have been published in GenBank, we have discovered that this determinant is highly conserved and found only one amino acid mutation in a Shanghai LY (AY322207) isolate. In previous studies of the MHV S protein, an immunodominant linear neutralization domain (aa 838 to 905; Fig. 6 ) was identified on its S2 subunit (aa 770 to 1376) (7, 13) and seven MAbs, including five neutralizing MAbs, were shown to recognize this domain (7) . Through amino acid sequence alignment of the SARS-CoV S2 domain and the MHV S2 subunit, we find that our defined determinant, determinant I, has 46% identity in amino acid sequence with the immunodominant neutralization domain on the MHV S2 subunit and that their locations on the S protein are in analogous positions-near the amino terminus of the S2 subunit (Fig. 6 ). This similarity implies that the major antigenic determinant (determinant I) on the S2 domain of the SARS-CoV S protein may be exposed as an effective target for neutralizing antibodies. Such information may have implications for SARS-CoV vaccine development.
Through investigation of the antigenicity of a panel of fragments which overlap by 16 to 18 aa and cover the entire 458 residues of the S2 domain ( Fig. 1A ) and the use of sera of SARS patients for this paper, we have identified a sequence with 26 aa as a major antigenic determinant (Fig. 2) . For further mapping of the epitope in this determinant, we have also synthesized a set of consecutive overlapping decapeptides and analyzed the reactivity of the sera of the patients to them in ELISA. Surprisingly, the sera that reacted strongly to this determinant did not recognize any of the decapeptides (data not shown). Similar results have been reported by others in the study of IBV, including results showing that some MAbs reactive with the pEX expression proteins failed to recognize any of the overlapping nonapeptides spanning the antigenic region on the S2 subunit of IBV (20) . Whether this is due to the length of synthetic peptides or to fragment-related local conformation (2) remains to be determined.
According to comparisons of the immunogenicity of the proteins Trx-F3 and Trx-F9, only Trx-F3 which contains determinant I has the potential to induce the neutralizing antibodies through immunization ( Fig. 5 ). However, not all the animals immunized with Trx-F3 were able to produce the neutralizing antibodies, possibly because Trx is not a good carrier for immunogens like peptides or small protein fragments. The ability of a neutralizing epitope to induce neutralizing antibodies or protective immune response in immunized animals is influenced greatly by the nature of the protein carrier and the specific conformation of immunogens (6, 7, 16) . For example, when conserved neutralizing epitope A of the MHV S protein (22, 41, 42) was expressed by the pET 3x system (7) or coupled to BSA (6), the immunization did not induce a protective virus-specific immune response. However, when epitope A was coupled to keyhole limpet hemocyanin, it showed good immunogenicity and induced protective immunity (6) . Moreover, when mice were immunized with epitope A that was carried by the tobacco mosaic virus (15) , coupled to the influenza virus T-cell epitope (16) , or displayed on the phage surface (47), the mice could be protected against a lethal infection of MHV. On the basis of these studies, better strategies of immunization should be devised for inducing neutralizing antibodies to SARS-CoV with our identified antigenic determinant, determinant I. Besides, our future work will also be designed to identify other conserved neutralizing determinants on the S protein and to use these determinants to develop effective vaccines against SARS-CoV infection.
